We present neutron scattering measurements of the phonon-roton (P-R) modes of liquid 4 He confined in 44Å mean pore diameter gelsil in the wave vector range 0.4 ≤ Q ≤ 2.15Å −1 . Layer modes, modes which propagate in the liquid layers adjacent to the porous media walls, were also observed at wave vectors in the roton region (Q 1.95Å −1 ) but not at Q < ∼ 1.7Å −1 . As the gelsil is filled with 4 He, the P-R and layer modes are first observed at a fractional filling of f = 76 % at low temperature (T = 0.4 K). At partial fillings, the P-R mode energies lie below the bulk superfluid
I. INTRODUCTION
Liquid 4 He confined in porous media 1 is a simple example of bosons in disorder [2] [3] [4] [5] [6] [7] . Other examples are Cooper pairs (bosons) in High T c superconductors 8, 9 or in disordered thin films 10 , Josephson Junction Arrays 11 , flux lines in dirty superconductors 12 and atoms in disorder in optical traps 13 . Superfluidity of liquid 4 He in porous media has been investigated for over 50 years 1 . A goal of research has been to determine how much the normal to superfluid transition temperature, T c , is suppressed below the bulk value, T λ , by confinement and disorder, how the critical exponents governing the superfluid density, ρ s (T ), are modified and to make comparisons with predictions. In contrast, measurement of excitations has only recently begun 7, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Of equal interest is to determine how Bose-Einstein condensation (BEC) and the elementary excitations are modified by disorder and to make the connection to changes in superfluidity.
We report neutron scattering measurements of the fundamental phonon-roton (P-R) excitations of superfluid 4 He at saturated vapor pressure (SVP) in a gelsil glass having 44Å
mean pore size and a porosity of 50%. Measurements of T c and the superfluid density ρ s (T )
below T c have been made recently on the same sample 23, 24 . This gelsil was selected because 1) the normal-superfluid transition temperature in it, T c = 1.92 K at SVP, is suppressed significantly below the bulk value, T λ = 2.172 K at SVP and 2) the pore size is still large enough that, at or near full filling, approximately 50% of the 4 He in the media is liquid; the remainder is solid near the pore walls. Also, the pore size (44Å) is close to the pore diameter of an MCM-41 sample (47Å) in which we have recently observed liquid 4 He at negative pressures 21 . The goal of the present experiment is to relate excitations, BEC and superfluidity in disorder through measurement of the excitations. Comparison will be made with existing measurements of the superfluid phase diagram (T c ) and the P-R modes under pressure in the same sample 23, 24 .
In all porous media investigated to date, superfluid 4 He at SVP supports well defined P-R excitations 7, 22 . At full filling, the mode energies are the same as in the bulk, both at low temperature and as a function of temperature. Within precision, the mode lifetimes are also the same. Up to pressures of 25 bar and at low temperature, the mode energies are also the same as in the bulk within precision 23 . At higher pressure, above 25.3 bars, where the liquid is metastable, the P-R mode at wavevectors Q < ∼ 1.6Å −1 broadens markedly and becomes unobservable 23 . In porous media, liquid 4 He supports a layer mode, a 2D mode propagating in the liquid layers adjacent to the media walls.
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In bulk liquid 4 He, as temperature is increased, well-defined P-R modes, BEC and superfluidity all disappear at the same temperature, the superfluid-normal transition temperature,
T λ . The P-R modes in superfluid 4 He are uniquely well-defined with long lifetimes (e.g at 1 K) because there is a condensate and no available decay channels for the mode. This is the case at all pressures from SVP up to 25.3 bar where the superfluid solidifies [25] [26] [27] [28] . In all porous media investigated, the normal-superfluid transition temperature, T c , is suppressed below T λ 29 . In contrast to the bulk, we have observed well-defined P-R modes above T c (in the normal phase) in Vycor 18,22 and 25Å gelsil 30 . This suggests that there is BEC above T c in porous media 7, 18, 22, 30 , at temperatures T c < T < T λ .
A goal here is to investigate this effect in a porous media in which T c lies well below T λ (T c = 1.92 K versus T λ = 2.172 K at SVP) and in which the neutron scattering intensity from P-R modes is three times larger than that in Vycor. A second goal is to document the filling dependence of the P-R mode energies more thoroughly than has been done in the past.
II. EXPERIMENT A. Porous sample
The porous silica glass sample 31 was prepared specifically for the present measurements by the 4F International Co. 32 using a sol-gel technique. The pores present irregular shape in an interconnected structure. Subsequent N 2 adsorption isotherm measurements by 4F
International Co. revealed a 44Å mean pore diameter, with a half width at half maximum of 20Å and a porosity of 50%. The sample consisted of two cylindrical rods of 10 mm diameter and 20 mm height each; the total mass of the sample was 2.50 g. The sample was outgassed by heating to 50 o C and pumping to 10 −8 mbar during three days.
Helium adsorption isotherms were conducted at 2.51 K and are shown in Fig. 1 along with nitrogen adsorption isotherms. Helium is adsorbed at low pressure up to a filling of approximately f = 50%. This is interpreted as adsorption of two solid layers of helium on the media walls and corresponds to the so called BET monolayer 33 . Thereafter, the amount adsorbed increases slowly with pressure up to f = 85%, interpreted as formation of liquid layers, denoted the multilayer, on top of the solid ones. A capillary condensation hysteresis loop begins at f = 85% and a reduced pressure of about p = 0.6 involving 15% of the total adsorbed amount of gas. The specific amount of 4 He that completely fills the sample (f = 100%) is n ads = 30.0 mmol g −1 .
B. Neutron scattering experiment
Inelastic neutron scattering (INS) was performed at the IN6 spectrometer at the Institut Laue-Langevin, Grenoble, France. The incident neutron wavelength was λ = 4.62Å and the spectrometer resolution full width at half maximum (FWHM) was about 100 µeV . A 
C. Instrument resolution determination
The spectrometer resolution width was determined by fitting a gaussian shape to the singular part of the net scattering at the highest filling, f = 124% and T = 0.40 K. For Q > 1.7Å −1 a second gaussian peak is included in the fitting function to account for a side peak. The net scattering is extracted from raw data as described in section III. We assume that the scattering at f = 124 % arises predominantly from the (bulk) liquid 4 He between the porous sample and the sample holder. The intrinsic width of the excitations of bulk superfluid 4 He at T = 0.4 K are negligible compared to the instrument resolution width. 
The sum of S B (Q, ω; T ) and S 1 (Q, ω; T ) is proportional to the dynamic structure factor S(Q, ω; T ). The broad component S B (Q, ω; T ) depends on Q and T , but is largely indepen- dent of filling. It is therefore unlikely to originate from multiphonon scattering since the single excitation intensity varies greatly with filling, for example a factor of five between f = 76% and f = 98% (see Fig. 4 ). At the lowest temperature, T = 0.4 K, we attribute S B (Q, ω; T ) to scattering from helium layers bound to the gelsil walls. At higher temperature and at fillings above the onset of capillary filling, a contribution to the broad component also arises from the scattering from the 3D liquid helium, as already observed in previous studies of bulk 26, 35 and of confined 21 helium.
B. Multiple scattering determination and broad component
The multiple scattering, I MS (ω; T ), originates predominantly from inelastic scattering from a roton plus an elastic scattering from the silica. I MS (ω; T ) broadens significantly with temperature as the roton peak broadens. This contribution is assumed to be identical at all Q values and thus is estimated by averaging the signal which is not coming from
in a sufficiently narrow ω-interval, it can be safely taken out of the averaging procedure by just masking a reasonable window of ω. The S B (Q, ω; T ) component is spread over the whole ω range investigated and it depends on Q, so it must be evaluated and subtracted from the data before determining I MS (ω; T ). 
Where F (Q, ω) < 0, we set S B (Q, ω; T ) equal to zero. S B (Q, ω; T = 0.4 K) was fitted to the net intensity data. The five free parameters, k Q ,k Q ,τ Q ,k Q and τ Q reflect the freedom in the starting and ending points (the lowest and highest values of ω at which the function At the highest temperature (T = 2.25 K) the P-R peak is very broad or non-existent.
Indeed, as explained in section IV C, the "singular component", S 1 (Q, ω; T ), is taken to be zero at T = 2.25 K. As a result, the multiple scattering component involving P-R modes, I MS (ω; T ), will also be zero at T = 2.25 K. In this case Eq. (1) reduces to:
At intermediate temperatures, the broad component is expressed as a linear combination of the two limiting cases described above:
The parameter h Q (T ) was obtained by fit of Eq. (4) to data. To determine the multiple scattering I MS (ω; T ), S B (Q, ω; T ) was subtracted from the data. I MS (ω; T ), which is approximately independent of scattering angle, was evaluated by averaging the signal for different Q values at energies well separated from the P-R peak at each temperature and filling. An example of I MS (ω; T ) is shown in Fig. 2 . The multiple scattering contribution is then permanently subtracted from all the spectra, while the component S B (Q, ω; T ), which contains useful information, will be retained when analysing the temperature behavior of S(Q, ω; T ) (section IV C).
IV. ANALYSIS AND RESULTS

A. General features
A qualitative analysis of the spectra suggests that:
1. The scattering intensity at fillings f = 8% and f = 35% do not contain P-R mode features. The intensity at the lowest filling, f = 8%, is lower, but qualitatively the same as that at f = 35% in the energy range investigated. Thus the net scattering intensity for f = 8% relative to a filling of f = 35% is slightly negative (see Fig. 4 ).
Our interpretation of this is that the first two helium layers on the gelsil walls remain solid (at least up to f = 35%) and the inelastic response is at a higher energy than investigated here.
2. A 3D-like P-R mode is first observed at a filling of f = 76%. This is seen in the bottom panel of the inset of Fig. 4 which shows a more intense signal in the peak region (ω ≈ 0.8 meV for Q = 1.95Å −1 ) than that at f = 95% and T = 2.25 K, at which temperature the 3D P-R signal is assumed to be unobservable. The filling f = 76% lies below the apparent onset of capillary filling given by the lower limit of the hysteresis loop in the adsorption diagram ( Fig. 1 ) which begins at f = 84%. This finding is in contrast to our finding in MCM-41 36 in which we found a correspondence between capillary condensation and the presence of a P-R mode signal. Observation of a P-R mode below f= 84 % suggests either that 4 He can capillary condense in the smallest pores at pressures below the hysteresis loop or that at this filling the liquid multilayer in the present gelsil is thick enough to support a 3D-like P-R mode.
3. The energy of the P-R excitations depends on filling, as shown in Fig. 6 and already observed in other materials. 17, 21, 30, 36 The intensity in the P-R mode also increases dramatically with increasing filling.
B. Filling dependence
The filling dependence of the P-R mode was analysed at T = 0.4 K. The nominal fillings investigated were 76%, 84%, 95%, and 98%. At lower fillings there was no P-R mode and these fillings were used for reference only. The highest filling of 124% was used to determine the instrumental resolution (see section II C) and as a reference for the integrated intensities.
All fillings share the same broad component S B (Q, ω; T = 0.4 K) believed to arise from propagation of excitations in the layers adjacent to the pore walls. This component and the multiple scattering component were subtracted from the raw data to obtain the component
(1), which describes the P-R excitation.
The lineshape of S 1 (Q, ω; T ) was represented by the usual damped harmonic oscillator (DHO) function:
where
is the Bose function. A gaussian function
was added to the DHO function for Q ≥ 1.80Å −1 to represent the 2D-like layer modes responsible for the side peak that appears in the spectra. Layer modes are attributed to excitations propagating in the liquid layers close to the dead layers adsorbed on the media walls. 15, 17 . The sum of the single P-R mode, S 3D (Q, ω), and the single layer mode, S 2D (Q, ω), was convoluted with the instrument resolution function to obtain S 1 (Q, ω; T ). The number of free parameters is then 3 for Q < 1.80Å −1 and 6 for Q ≥ 1.80Å −1 . Some examples of data along with the best fit of Eqs. (5) and (7) are shown in Fig. 7 .
The fitted ω Q , which represent the P-R mode energies when Γ Q is reasonably small 37 , are shown in Fig. 8 . At partial fillings the P-R energies lie below the bulk values for wave vectors in the range 0.5 ≤ Q ≤ 1.7Å −1 , especially centered around the maxon wave vector (Q 1.1 A −1 ). As the filling is increased, the mode energies move toward the bulk superfluid values.
In other porous media investigated 17, 22, 30, 36, 38 , the mode energies were found to coincide with the bulk values at full filling (f = 100%) within precision. This appears likely to be the case in the present gelsil as well but is not unambiguously established. The intensity in the P-R mode also increases markedly with filling.
P-R mode energies that lie below the bulk values near the maxon Q as observed in superfluid 4 He films of 3-5 liquid layers thickness on graphite surfaces 54, 55 . They are also observed in other media partially filled. In aerogel, the roton energy was found 17 to lie above the bulk value at partial fillings and reduced to the bulk value at full filling. These differences from bulk energies suggest that the liquid density near liquid-vapor surfaces is less than the bulk density.
The parameter Γ Q , which represents the half width at half maximum (HWHM) of the P-R modes, is shown in Fig. 9 as a function of Q. Typical values of Γ Q at f = 84% are greater than or comparable to the HWHM of the instrument resolution (50µeV ) shown in Fig. 3 . As filling increases, Γ Q decreases significantly. In other porous media, we have found 17,18,21,22,30,38 that Γ Q goes to zero at low temperature at full filling (f = 100%) within instrument precision. The present Γ Q could also go to zero at full filling within precision (Γ Q < ∼ 10µeV ). Also, it is interesting to note that at f = 95%, the mode energies around the maxon region shown in Fig. 8 plus S 2D (Q, ω) given by Eq. (5) and Eq. (7), and, at Q = 1.40Å −1 , S 3D (Q, ω) only. layer mode Eq. (7), as a function of filling, scaled so that the intensity is unity at f = 100%.
Intensity averaged over the available Q values is shown. The three dashed lines indicate, from lower to higher filling: the completion of the multilayer, the completion of capillary condensation and full filling as identified in the adsorption isotherm, Fig. 1 . In the filling range from the monolayer completion (f = 50 %) to the start of the capillary condensation hysteresis loop (f = 84 %), the multilayer is formed. In this range there is also some filling of smaller pores by capillary condensation. The 3D and 2D mode intensities begin in this filling range. Thereafter the intensity in the 3D mode appears to increase approximately linearly with filling. While there are large error bars on the data, there is some indication that the intensity in the 2D mode is not simply linear with filling. The intensity in the 2D mode is expected to saturate with filling eventually, but this range is not reached in this small pore media. Above 100% we found as expected that the signal in the 2D mode does not increase significantly, while all the additional scattering is found in the 3D mode. This signal comes from the helium condensed as bulk between the porous sample and the sample holder. It is worth noticing that in this scheme of interpretation the slope of the 3D mode strength with filling is nearly equal for the bulk (from f = 100% to f = 124%) and for capillary condensation filling.
C. Temperature dependence
The temperature dependence was investigated at f = 95% at the nominal temperatures 
where: 
It is evident from Eq. (8), (9) and (10) that this approach forces f S (T ) to be 1 at T = 0.40 K and to be 0 at T = 2.25 K. S B (Q, ω) is a broad component at both high and low temperature.
In the fitting process, Z Q and A Q were held constant at the value obtained above at T = 0.40 K and f = 95% independent of temperature. Γ Q (T ) was set to the bulk superfluid values proposed in Ref. 44 for each temperature to which we added the fitted value obtained here at T = 0.40 K and f = 95%. We assumed that the width of S 2D (Q, ω) was independent of temperature so σ Q is also kept fixed at the value obtained at T = 0.40 K and f = 95%.
The fit then has two free parameters only, ω Q , and f S (T ), for Q < 1. 
Eq. (7). An example of data with fits of the model is presented in Fig. 11 .
The behavior of f S (T ) is of great interest. It provides the weight of the single excitation component S 1 (Q, ω; T ) in S(Q, ω). A well defined S 1 (Q, ω; T ) at higher wave vectors is a signature of BEC. The variation of f S (T ) as a function of Q is shown in Fig. 12 . We find that the parameter f S (T ) is independent of Q over the range 1.25 ≤ Q ≤ 2.10Å −1 and can be considered as temperature dependent only. The average of f S (T ) over Q is shown in Fig. 13 together with the superfluid fraction, ρ s (T ), for the bulk liquid. The f S (T ) values for Vycor 22 are shown as an inset.
As in Vycor, we conclude that liquid helium in the present gelsil supports well-defined P-R modes at temperatures above the superfluid-normal transition temperature, T c = 1.92 K.
This suggests that there is BEC in the normal phase in the present porous media. Modes are observed up to a temperature T 2.15 K, slightly below T λ . The fraction of the P-R mode in S(Q, ω; T ) in the present gelsil does not track the superfluid fraction in the bulk liquid as was the case for helium confined in Vycor glass. fits of Eq. 8 to data as shown in Fig. 11 (for filling f = 95%). 
V. DISCUSSION AND CONCLUSIONS
A. Filling dependence
The present scattered intensity from 4 He in gelsil at partial fillings shows similarities with that from thin liquid 4 He films [53] [54] [55] . The structure and dynamics of films on graphitized carbon powder (Graphon) and on an exfoliated and recompressed graphite (Grafoil or Payyex) have been extensively investigated 19 . On exfoliated graphite, the first two helium layers form 2D triangular lattices 53 . The third layer is liquid. Well defined 3D-like P-R and 2D-like layer modes are first observed when there are four layers deposited (two solid and two liquid layers). Thereafter, the intensity in the 3D P-R mode increases linearly with filling. The intensity in the 2D layer mode initially increases with filling but saturates to a constant value after ten layers (eight liquid) are deposited 53 . A ripplon is observed on the liquid film -vapor interface 54 .
In the present gelsil, which has an aerogel like structure, the adsorption isotherm in Fig.   1 shows that 50 % of the helium is tightly bound to the walls. These layers are probably solid and do not contribute to the inelastic scattering intensity in the energy range investigated
here. A simple model of the pores, cylindrical pores with a Gaussian distribution of pore diameters centered at 44Å, suggests that two layers are complete at 50-55 % filling. The subsequent layers are less tightly bound, probably liquid. The P-R mode is first observed at f 74 %) as the fourth layer (second liquid layer) is filling. The filling is clearly more complicated in gelsil with a distribution of pore sizes, puddling and some capillary filling in crevices but the filling at which modes are first observed is consistent with films. We also observe well defined modes (f 74 %) before the onset of observable capillary filling (f = 84 %) in the present gelsil. In MCM-41, P-R modes were observed only after the onset of capillary filling. 36 In MCM-41, which has smoother walls, we 21 also observed ripplons on the liquid-vapor surface at partial filling. These were not seen here. Also in the present gelsil the intensity in the 3D P-R mode increases linearly with filling (see Fig. 10 ). Since the present gelsil is full after approximately "five layers" we do not observe significant saturation of the layer mode intensity with filling.
The P-R energies in thin films on graphite (e.g. five liquid helium layers) are remarkably similar to those shown in Fig. 8 for partial fillings (e.g. f = 84 %). The maxon energy at Q 1.1Å −1 lies well below the bulk superfluid value in both cases (e.g. 0.1 meV at f = 84 % in gelsil, 0.06 meV in films). The roton energy lies slightly above the bulk value.
The softening of the maxon energy suggests that the liquid density near a liquid-vapor surface is less than the bulk liquid density. This has been predicted for helium films 56 and for helium near the surface of liquid helium droplets 57, 58 . The BE condensate fraction near a film surface is predicted 56 and observed 59 to be larger than the bulk value suggesting a lower density. A roton energy (0.78 meV) that lies above the bulk value (0.742 meV) was also observed in partially filled (30 %) aerogel 17 , consistent with a lower density near a film surface. In thick films and in fully filled porous media, the P-R mode energies coincide with bulk values.
A complication in comparing maxon and roton energies versus filling is that a 2D layer mode is included in the fit in the roton region but not in the maxon region. A 2D mode at all Q is predicted 55 , but at lower Q either its intensity is too small or it is unresolvable from the 3D P-R mode. In Fig. 7 , the layer mode at Q = 1.95Å −1 has an apparent energy of 0.52 meV at f = 76 % and 0.60 meV at f = 95%. The layer mode has energy 0.54 meV in films 19 and 0.55 meV in Vycor 18 .
Albergamo and coworkers 21 have recently demonstrated that negative pressures can be created in liquid 4 He confined in MCM-41. This is created close to full filling (eg. 97% < ∼ f < ∼ 100%). For example referring to the desorption isotherm in Fig.1 , one could begin at full filling, reduce the vapor pressure above the liquid somewhat, and move to the left along the "flat" top of the desorption isotherm. In this change the pores remain fully filled with liquid and liquid is stretched across the pore walls establishing a metastable "negative" 
∇Φ(r).
Equally, well-defined phonon-rotons in the superfluid phase exist because there is BEC.
47-49
When there is a condensate the density excitations (phonon-rotons) and single quasi-particle excitations have the same energy. [47] [48] [49] There are therefore no quasi-particle excitations hav-ing energies below the P-R excitations to which the P-R excitations can decay. The P-R excitations can decay only to other P-R excitations resulting in uniquely sharp excitations at low temperature. 50 This feature is lost at T λ . The Landau theory of superfluidity relates superfluidity to the existence of well-defined P-R excitations. 51, 52 Both have their origins in BEC.
In a porous media, the condensate can be localized by disorder. 7, 18, 21, 30 That is, as temperature is lowered, the condensate forms initially in favorable regions (e.g. in larger pores)
at a temperature at or near T λ . These initial islands of BEC are separated by regions of normal fluid. There is phase coherence within the islands only. As temperature is lowered the condensate fraction increases and the islands of BEC grow in size. At a critical temperature T c , the islands are large enough and close enough together so that the phase between them is connected. Below T c there is a single phase in the BEC extended across the whole sample and macroscopic superfluid flow can be established. The normal-superfluid transition, T c , is associated with this localized-extended phase coherence crossover. We expect T c < T λ .
This interpretation has analogies with the picture of the normal-superconducting transition in Josephson Junction Arrays, in disordered thin films, in the Mott insulator -superfluid transition, in optical lattices and in the much more complicated normal to superconducting transition in high T c materials. In this interpretation, the P-R modes that we observe here at temperatures above T c are supported in the islands of BEC that exist above T c . Near T c , the size of the islands is probably comparable to the pore size. The islands of BEC become smaller as temperature increases until they vanish at T λ . consistent with an extrapolation of T λ to higher pressure.
Yamamoto and coworkers 61 report a possible Quantum Phase Transition (T 0 K) from the superfluid to normal phase at pressure p 35 bars. It is interesting to speculate that this QPT may be related to loss of well defined modes. In turn both loss of well-defined modes and a superfluid density may be related to loss of BEC. The condensate fraction is very small at high pressure 62 . With the present measurements and those of Pearce et al. 23 we have shown that mapping the domain of existence of well defined P-R modes in p and T is now possible. The existence of metastable bulk liquid helium up to 160 bars and the relation of metastability to the existence of well defined modes and its connection to superfluidity in bulk helium is also an exciting topic of current research [63] [64] [65] [66] .
